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Abstract 
Purpose 
Preprint submitted to Elsevier
The goal of this study was to determine if the application of four biochars produced from different feedstock 
leads to soil contamination with the 16 US Environmental Protection Agency (EPA) polycyclic aromatic 
hydrocarbons (PAHs) in biochar-amended pots incubated under greenhouse conditions. 
Materials and methods 
The P AHs were extracted by Soxhlet and quantified by gas chromatography mas s spectrometry in the biochars 
and in biochar-amended Calcic Cambisols on which Lolium perenne was grown under greenhouse conditions 
during 79 days. Three of the used biochars were produced by pyrolysis at 620 oC from wood chips, paper 
sludge, and sewage sludge, respectively. The fourth biochar was produced from old grapevine wood by the 
traditional kiln method. 
Results and discussion 
The Soxhlet extraction of the ~16PAHs of pure biochars yielded between 959 ± 62 (sewage sludge biochar) and 
2613 ± 1380 ~g kg-1 (pine wood biochar) dry mass. The lowest abundance ofPAHs ofsewage sludge biochar is 
consistent with its very low content of organic carbon and the abundance of ashes. The PAH concentration of 
the wood biochar produced by kiln was six times higher than the wood biochar produced by fast pyrolysis, 
indicating that the biochar production process significantly affected the PAH levels. The unamended soil 
showed PAH levels typically for non-polluted soils (~16PAHs=59±4 ~g kg-1). Addition of 10 t biochar ha-1 
soil resulted in a lower increase of the 16 PAHs than expected for wood and paper sludge biochars, whereas for 
the soils amended with kiln wood biochar, the content ofPAHs increased up to a factor of 10. Amendments of 
20 and 40 t ha-1 increased PAH concentrations to values on the same order of magnitude than the predicted 
ones, except for pine wood biochar, where the concentrations were ten times greater than expected. The major 
divergences were found for high-molecular-weight P AHs. 
Conclusions 
The production process of biochar affected significantly their PAR levels. The material carbonized in traditional 
kilns contained the greatest amounts of PARs. Sampling procedures for biochar-amended soils should be 
carefully described for future legislation guidelines to guarantee quality biochar application. 
Keywords 
Pyrolysis 
Pot experiments 
Kiln 
Polycyclic aromatic hydrocarbons 
Soxhlet extraction 
Soil amendment 
Responsible editor: Rongliang Qiu 
1. Introduction 
The application ofbiochar to soil is proposed as a valid and sustainable tool for managing agricultural and urban 
wastes and to produce added value products. Biochar may act as a soil conditioner, enhancing plant growth by 
supplying and, more importantly, retaining nutrients and by providing other services such as improving soil 
physical and biological properties (Ogawa and Okimori 2010). In addition, biochar is a valuable animal feed 
supplement and conditioner in stables or manure (Gerlach and Schmidt 2011). Various feedstock, such as organic 
waste derived from agriculture and forestry or urban wastes including sewage sludge, can be used for biochar 
production. Their chemical composition as well as the production conditions will determine the properties and 
composition ofproduced biochars (Zhao et al. 2013). Thus, bearing in mind that biochar composition and 
characteristics can largely vary, the focus has to be oriented on guaranteeing the safe agricultural use ofbiochar. 
However, biochar policy demands are at an early stage of development, and their regulatory and testing 
requirements are still being defined by international initiatives such as the European Biochar Certificate (EBC 
2012) or the International Biochar Initiative (lBI 2013). Both pay particular attention to the formation and 
accumulation ofpolycyclic aromatic hydrocarbons (PAHs) during pyrolysis (Fagernas et al. 2012) 
These persistent organic pollutants are highly condensed aromatic structures formed during biochar production due 
to incomplete combustion (pyrolysis step) (Bucheli et al. 2015; Ledesma et al. 2002). The sort and amount of 
such compounds in the final biochar are greatly influenced by the pyrolysis process. PAHs are included in the 
European Union and US Environmental Protection Agency (US EPA) priority pollutant lists because they 
represent the largest group of compounds that are mutagenic, carcinogenic, and teratogenic (ECR 2006; US EPA 
2002). These PAHs may enter the environment when biochar is applied as soil conditioner. Thus, several 
international institutions agreed to a range ofmaximum allowed values for the quantity ofthe 16 US EPA PAHs in 
biochar. They were set under 4 and 12 mg kg-1 dry weight (dw) for premium and regular biochars, respectively, 
according to the European Biochar Certificate (EBC) (EBC 2012 ; 2015), and in the range of 6 to 20 mg kg -1 dw 
according to the International Biochar Initiative (lB!) (IBI 2013). The Joint Research Centre ofthe Directorate-
General for the Environment of the European Union established a preliminary threshold of 6 mg kg -1 dw of PAHs 
for biowaste (which would include biochar material) allowed to be used in agriculture (Estrada de Luís and Gómez 
Palacios 2013). Liu et al. (2014) reported that biochar amendments could be a successful tool to dissipate PAH by 
bacteria in contaminated soils. Li et al. (2014), on the other hand, reported that activated biochar could effectively 
bind PAHs. This would reduce the risk ofPAH contamination when biochar is applied in agriculture. Anyway, 
plants grown on PAH-contaminated soils can accumulate PAHs, although the mechanism ofuptake is poorly 
understood (Rogovska et al. 2012). Due to the irreversibility ofbiochar application, the risk of concomitant 
contamination should not be neglected. Total concentrations ofPAHs in biochar are currently still the focus of 
many researchers, engineers, and authorities, in particular because of respective legally binding guide values 
(among others: Keiluweit et al. 2012; Fabbri et al. 2013; Brennan et al. 2014; Bucheli et al. 2015). In addition, 
policymakers of numerous countries are working on appropriate thresholds to limit the presence of pollutants in 
biochars in relation to their use. These cutoffvalues will inelude not only PAHs but also heavy metal s and other 
organic pollutants such as polychlorinated dibenzo-p-dioxins, furans, or polychlorinated biphenyls. Regardless of 
the interest oflegislators, very few evaluations ofbiochar for their content ofPAHs or other organic compounds 
are available (Fabbri et al. 2013; 01eszczuk et al. 2014; Bucheli et al. 2015). Even less information exists about 
the fate of PAHs from biochar after their application to agricultural soils. Fabbri et al. (2013) assessed the PAHs 
for one soil amended with a reference biochar (1.16 % w/w). Although they did not assess the impact ofincubation 
time or plant growth, they observed that the measured concentrations of specific PAHs in the soil differed by 
+60 % for benzo[a]anthracene [BaA] to -51 % for benzo[k]fluoranthene [BkF] from the amounts which were 
originally added with the biochar. 
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Another challenge which still needs to be addressed is the high variability in the analytical methodology applied 
for PAH assessment in biochar samples. This ineludes sample pretreatments (grinding, milling, sieving with 
different cutoffs, different range of sample weight), extraction procedures (Soxhlet, accelerated solvent extraction, 
soxtherm, ultrasonication, microwave, etc.), and the used solvents (toluene, hexane, cyelohexane, 
dichloromethane, acetonitrile, acetone, and mixtures of different proportions) (Brennan et al. 2014; Bucheli et al. 
2015; Fabbri et al. 2013; Keiluweit et al. 2012; Wang et al. 2013). Rogovska et al. (2012) and González-Pérez et 
al. (2014) determined the PAHs in soils by analytical pyrolysis, which does not apply any solvent extraction and 
does not allow quantification. Thus, this approach has yet to be aligned with traditional exhaustive, wet chemical 
analytical methods to account for the special requirements for the analysis of biochars. Hilber et al. (2012) studied 
the effect of different solvents and extraction times and methods for the quantification of P AHs in biochars. Based 
on this, they were able to develop a methodology which greatly improved the efficiency of the P AH extraction 
from biochar samples and their quantification. However, to elucidate the impact ofbiochar on soil quality, a more 
systematic assessment of concentration and fate of their P AHs in soils is needed. 
AQ3 
The intention ofthe present study was to elucidate a potential hazardous impact ofbiochar-derived PAHs in 
agricultural soils. To reach our goal, we used four biochars which were produced from different feedstock and 
conditions and added them in varying doses to material from a typical arable soil of the Guadalquivir river valley 
(De la Rosa 1984), on which Lolium perenne was grown in pots under greenhouse conditions. The authors of this 
study are conscious of the limitations of extrapolating results from pot experiments to field studies; nevertheless, it 
is necessary to perform detailed studies under controlled conditions to achieve a high level of certainty that adding 
biochar to agricultural soils will imply a minimum risk for health. 
2. Material and methods 
2.1. Biochar samples 
Three ofthe biochars were provided by the European Ring Trial, organized by the Biochar COST action TD1107 
"Biochar as option for sustainable resource management." These biochar material s were produced from wood 
chips, paper sludge, and sewage sludge, respectively (samples w-bc, ps-bc, and ss-bc) by applying technical 
pyrolysis by the companies Swiss Biochar, Sonnenerde GmbH, and Pyreg, respectively. The controlled pyrolysis 
process was carried out under similar conditions (temperature increasing from 20 to 500-620 oC; 20-min pyrolysis 
time; water content of30 % dry mass). The fourth biochar sample was provided by Bodegas Torres Company 
(Spain) and was made from old grapevine wood by using the traditional carbonization method in kilns (kiln stack 
wood biochar (kw-bc)). After the pyrolysis process, all samples were homogenized and oven-dried at 40 oC for 
72 h. In the case ofkw-bc, due to the big size and heterogeneity ofthe fragments, the biochar was crushed and 
sieved «1 cm). Subsequently, all samples were kept in sealed plastic bags and maintained at 4 oC until they were 
used. Subsequent analysis supported that this approach was sufficient to avoid chemical and physical alterations. A 
detailed characterization ofphysical and chemical properties ofthese biochars is given in Table 1. Samples w-bc, 
ps-bc, and kw-bc showed high C content and comparable elemental composition, pH, water holding capacity, and 
ash content (De la Rosa et al. 2014). However, composition and characteristics of ss-bc (produced from sewage 
sludge) were drastically different. In fact, this sample should not be considered a biochar but a pyrogenic 
carbonaceous material according to the EBC guidelines (HlC ratio should be <0.7; O/C ratio <0.4; C content 
higher than 50 % of the dry mas s (EBC 2012». 
Table 1 
Maeroelemental analysis (C, H, N, O) and physieoehemieal properties ofthe bioehars studied and ofthe soil used for the ineubatiOl 
C=I Production details Elemental analysis (C, H, N, O) 
Sample Time Temperature Methodology C (If kg H (If kg N (If kg O (If kg H/Cat O/Cat C/N (min) (OC) - ) - ) - ) - ) 
Wood be 20 20-620 Rotary serew, 757 18 3 116 0.3 0.1 pyrolysis 252 10.4 
Paper 20 20-500 Rotary serew, 509 20 14 206 0.5 0.3 
sludge be pyrolysis 37 10.4 
Sewage- 20 20-600 Rotary serew, 179 15 20 92 1.0 0.4 sludge be pyrolysis 9 6.7 
Grapevine >60 unknown Kiln 764 29 6 134 0.4 0.2 
wood be pyrolysis 127 10.3 
Soil 20 (7 OC) 3 1 7 8.6 
Adapted from De la Rosa et al. (2014 ) 
SSABET speeifie surfaee area aeeording to Brunauer-Emmett-Teller (BET) equation, be bioehar, SD standard deviation. 
2.2. Incubation ofbiochar-amended soils 
The soil used for the incubation experiment derived from the Ah horizon of a Calcic Cambisol (IUSS 2014), from 
"La Hampa" experimental station ofthe "Instituto de Recursos Naturales y Agrobiología de Sevilla" (SW Spain; 
37° 21.32' N, 6° 4.07' W). 
The soil material was dried and sieved «2 mm). Small branches, fresh mosses and plant remains, and roots were 
removed manually. Finally, the soil material was homogenized and stored at 4 oC during 24 h before being 
transferred to the pots. The composition and properties of the used soil are summarized in Table 1. The fine earth 
contained 20 g C kg -1 of which 7 g kg -1 is attributed to organic carbon (OC) and 1 g N kg -l. Its pH in water was 
8.6, and its water holding capacity (WHC) and ash content were 46 and 95.2 % dw, respectively. Comparable 
physical and chemical characteristics for typical arable Cambisols ofthe Guadalquivir river valley have be en 
previously reported by Mudarra Gómez ( 1988) and De la Rosa ( 1984 ) 
The pots for the incubation experiment were prepared as follows: The bottom ofthe 250-mL round plastic 
containers was perforated to allow leaching of surplus water during the experiment. In each pot, 125 g of soil was 
covered with a soil-biochar mixture. The latter was prepared by adding 1.10, 2.20, and 4.40 g, equivalent to 10, 
20, and 40 t ha- I of each biochar, respectively, with additional25 g of soil. In total 150 g of soil was used per pot 
on which 40 certified grass seeds (L. perenne, ILURO seeds company, Spain) were planted. L. perenne was used 
as a representative of an ubiquitously growing grass species which can easily be cultured in the frame of small-size 
pot experiments (De la Rosa et al. 2014). For each application rate and biochar, four replicates were prepared (n = 
4). Additionally, pots without any biochar amendment were prepared in a similar way than previously described 
and used as control (n = 6). After adjusting the soil humidity to 55-60 % ofthe maximum WHC, the pots were 
placed into a greenhouse at 26 oC and 14-h light day-I for 79 days. No mineral nutrient solution was added. The 
amount ofregularly applied water accounted to 166 L m-2 for the entire experiment, which is similar to the annual 
average precipitation in this region (750 L m-2 year-I). After incubation, plant yield biomass was removed, 
cylinder pots were divided into four symmetrical sectors, and composite soil samples were prepared by combining 
three quartets taken from three different replicates. The soil material for PAH analysis was dried at 40 oC for 24 h, 
sieved «2 mm), homogenized, and stored in glass containers at -20 oC. 
3. Analytical work: P AH extraction and quantification procedure 
The procedure applied was based on that reported by Bucheli et al. (2004) and Hilber et al. (2012). Briefly, pure 
biochar, biochar-amended soils, and control soils were dried, grinded (0.75 mm), homogenized (Turbula Shaker-
Mixer Bachofen AG; Muttenz, Switzerland), and stored in amber glass at a dry place. Prior to extractions, samples 
were spiked with 20 J.1L of toluene containing 200 ng of each of the individual PAH internal standards. 
To determine the total concentrations, dry samples (1.0 g for soils and 0.2--0.4 g for biochar samples) were 
extracted for 36 h in Soxhlet with 100 % toluene. Sample extracts were concentrated to 1 mI with the Syncore 
parallel Büchi evaporator system (Flawil, Switzerland). The extract was spiked with 20 J.1L ofthe recovery 
standard (200 ng of indeno[I,2,3-cd]fluoranthene in toluene) and concentrated to 1 mI before injecting into GC-
MS. Sample cleanup ofthe soil extracts was performed according to Bucheli et al. (2004). Analysis ofthe 16 US 
EPA PAHs-naphthalene (NAP), acenaphthylene (ANY), acenaphthene (ANA), fluorene (FLU), phenanthrene 
(PHE), anthracene (ANT), fluoranthene (FLT), pyrene (PYR), benzo[a]anthracene (BaA), chrysene (CHR), 
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno [1,2,3,-cd]pyrene (IPY), 
dibenz[a,h]anthracene (DBA), and benzo[ghi]perylene (BPE)-was carried out on an Agilent GCIMS 6890/5973i 
by on-column injection of 1 J.1L ofthe extract. The applied chromatographic and mas s spectrometric conditions are 
described in Bucheli et al. (2004). Quantification was carried out using the internal standard method. Isooctane 
mixtures containing different amounts of analytes (7.5 - 2500 pg J.1L -1) and constant amounts of internal (and 
recovery) deuterated standards (200 pg J.1L -1) of each of the 16 US EPA PAHs were used for calibration. 
4. Results and discussion 
4.1. Determination of PAHs in biochar samples 
Concentrations ofeach ofthe 16 US EPA-PAHs are given in Table 2. The total PAH contents (E16 PAHs) of 
biochar samples were 2613 ± 1381 j.1g kg- l (w-bc), 1774 ± 402 j.1g kg- l (ps-bc), 959 ± 62 j.1g kg- l (ss-be), and 
15,367 ± 177 j.1g kg- l (kw-bc). Values measured for w-bc, ps-bc, and ss-be are comparable to those obtained for 
biochars produced by hydrothermal carbonization or Pyreg reactors (Schimmelpfennig and Glaser 2012; Bucheli 
et al. 2015). In contrast, the kiln-produced biochar contained significantly greater amount ofPAHs than the rest of 
biochars. 
Table 2 
Concentrations ofthe 16 priority pollutant polycyc1ic aromatic hydrocarbons defined by the USEPA (EPA PAHs; ~g kgdw- 1) obta 
biochar, paper sludge biochar, sewage sludge biochar, and kiln wood biochar (samples w-bc, ps-bc, ss-be, and kw-bc, respectivel)' 
20, and 40 t biochar ha-1) incubated during 79 days under greenhouse conditions 
Pure samples Soil + w-bc Soil + ps-bc 
1 Sample C::~~OI 1 w-bc 1 t~ 1 ~~ 1 kw-bc 110 t ha-1 120 t ha-1 140 t ha-1 110 t ha-1 120 t ha-1 140 t ha-1 
NAP 11 (4) 1529 688 489 10,705 24 (5) 27 (3) 69 (21) 9 (O) 24 (8) 29 (2) (902) (81) (29) (215) 
ANY n.d. 47 9 (O) 10 93 (-) 1 (O) 1 (O) 16 (11) n.d. 3 (3) n.d. (20) (O) 
ANA 9 (12) 274 22 5 (1) 61 2 (-) 2 (1) 8 (1) 1 (O) 1 (O) 30 (-) (37) (10) (49) 
FLU n.d. 17 (6) 18 14 488 1 (-) 1 (-) 6 (3) 1 (O) 4 (4) 29 (19) (1) (1) (28) 
PHE 10 (3) 400 455 169 2526 12 (O) 21 (2) 269 (27) 9 (O) 27 (12) 23 (9) (298) (158) (25) (154) 
ANT 4 (5) 45 65 34 588 1 (O) 3 (1) 12 (6) 1 (O) 6 (7) 15 (-) (41) (13) (1) (15) 
FLT 5 (1) 74 111 40 234 5 (O) 10 (O) 343 (11) 6 (1) 10 (O) 12 (6) (50) (29) (3) (30) 
PYR 8 (1) 156 143 62 297 10 (2) 15 (2) 282 (5) 7 (1) 18 (9) 11 (5) (76) (40) (1) (31) 
BaA 1 (O) l3 (6) 46 19 119 2 (O) 3 (1) 50 (8) 2 (1) l3 (15) 3 (1) (l3) (2) (15) 
CHR 3 (1) 23 (9) 80 45 170 3 (O) 5 (1) 128 (5) 3 (1) 6 (1) 9 (4) (27) (5) (26) 
BbF 2 (O) 11 (2) 36 l3 27 (2) 2 (O) 3 (O) 71 (21) 2 (1) 4 (1) 4 (1) (9) (3) 
BkF 1 (O) 7 (3) 14 11 15 (1) 1 (O) 2 (O) 66 (19) 2 (1) 4 (2) 3 (1) (4) (7) 
BaP 1 (O) 6 (2) 25 16 40 (2) 2 (O) 6 (5) 30 (24) 2 (1) 3 (-) 5 (5) (3) (1) 
IPY n.d. 5 (-) 27 10 23 (1) 2 (O) 3 (O) 73 (52) 2 (1) 7 (6) 4 (2) (O) (O) 
DBA n.d. n.d. 7 (2) 7 5 (O) n.d. 1 (O) 10 (2) n.d. n.d. 1 (O) (-) 
BPE 2 (O) 11 (2) 26 17 22 (1) 2 (O) 3 (O) 82 (61) 2 (1) 14 (16) 5 (2) (10) (6) 
~16 EPA 59 (4) 2613 1774 959 15,367 70 (4) 107 (14) 1515 50 (9) 143 (81) 161 (20) PAHs (l380) (402) (62) (177) (107) 
NAPIPHE 1.1 3.8 1.5 2.9 4.2 2.0 (0.4) 1.3 (0.2) 0.3 (0.1) 1.0 (0.0) 0.9 (0.5) 1.3 (0.5) (0.5) (3.6) (0.6) (0.5) (0.3) 
PHE/ANT 2.5 8.9 7.0 5.0 4.3 12.0 7.0 (2.4) 22.4 9.0 (0.0) 4.5 (5.6) 1.5 (0.0) (3.2) (10.5) (2.8) (0.7) (0.3) (0.0) (11.4) 
Number in parentheses indicate standard deviation oftwo replicates. PAHs are as follows: naphthalene (NAP), acenaphthy1em 
(ANT), fluoranthene (FLT), pyrene (PYR), benzo[a]anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene (BbF), benzo[k 
dibenz[a,h]anthracene (DBA), and benzo[g,h,i]perylene (BPE), sum ofthe 16 EPA PAHs (~16 EPA PAHs) 
dw dry weight, be biochar, n.d. not detected 
Our result suggests that during the traditional and widely used kiln stacks process, in which feedstock is fitted into 
the reactor in layers, the pyrolysis process is difficult to be controlled (Hale et al. 2012). The cyc1e to produce a 
batch of charcoal by traditional kilns usually takes about 7 days of heating and 5 to 7 days of cooling (Multi Lin 
2006). This results in longer residence times (and reaction times) than applied during technical pyrolysis. Those 
conditions favor not only the heterogeneity of the final char but also the trapping of evolved PAHs in micropores 
during the incomplete combustion process (Readman et al. 1984; Eganhouse 1987; Hale et al. 2015). Recent 
scanning electron microscopy analyses (SEM-EDS) confirmed the absence offree pores in kw-bc (De la Rosa et 
al. 2014). The SEM-EDS distinguished abundance ofmacropores on the surface ofw-bc, which agreed with its 
high specific surface area (>400 m2 g-l; Table 1). In contrast, SEM-EDS analysis ofkw-bc presented occluded 
pores, which contributed to its low specific surface area «5 m2 g-l). Schimmelpfennig and Glaser (2012) reported 
that specific surface areas (SSA) ofbiochars produced by traditional charco al stacks were significantly lower than 
those produced by Pyreg® or wood gasifier systems. However, a direct relation between the SSA and the PAH 
concentration was not observed, which had been observed previously by Hale et al. (2012). 
Bucheli et al. (2015) performed a complete statistical analysis of the influence of different variables in the PAH 
composition of biochars. W ooden materials, generally enriched in C, yielded higher P AH concentrations than other 
feedstock which was attributed to the gasification process. The highest PAH levels were measured for kw-bc and 
w-bc (15,367 ± 177 and 2613 ± 1380 ~g kg-1, respectively; Table 2). 
Concerning the P AH species, in all the cases, the dominant compounds were NAP and PHE, contributing with 39-
69 and 15-26 %, respectively, to the ~16 PAH concentrations. Other abundant PAHs were FLU, ANT, and PYR. A 
low contribution ofheavy PAHs was observed; particularly, the abundance ofDBA was negligible. Nevertheless, 
taking into account that six-ring PAHs are relatively stable, mutagenic, and carcinogenic, the presence of sorne of 
them (mainly BaP, IPY, and BPE) in all biochars should not be neglected. 
Wiedemeier et al. (2015) hypothesized that low-molecular-weight PAHs, and specially NAP, are dominating at 
low pyrolysis temperatures (:::;500 OC). However, taking into account that pyrolysis conditions for w-bc, ps-bc, and 
ss-bc were practically similar, the values measured for the ratios oflow- to high-molecular-weight PAHs [(NAP + 
ANY + ANA + FLU + PHE + ANT + FLT+ PYR) / (BaA + CHR + BbF + BkF + BaP + IPY + DBA + BPE)] of 
these three samples (28.6-39.2 for w-bc, 5.6--6.0 for ps-bc, and 5.9-6.2 for ss-bc» may also be related to the 
nature ofthe feedstock and not only to the pyrolysis temperature. This finding is supported by the values 
calculated for kw-bc (ranging from 33.0 to 38.3, they) which were similar to the other wood-derived biochar w-bc. 
The PHE/ANT ratio ofpure biochars varied from 4.3 ± 0.3 (kw-bc) to 8.9 ± 10.5 (w-bc), within the characteristic 
range reported for pyrolytic sources (from 1 to 10; Yunker et al. 2002). Schimmelpfennig and Glaser (2012) have 
used successfully the NAP/PHE ratio by to differentiate biochar materials. In our study, the NAP/PHE ratios were 
relatively homogenous. However, those ofwood-derived biochars (3.8 ± 3.6 to 4.2 ± 0.3) were higher, but not 
statistically significant, than those from paper sludge and sewage sludge biochars (1.5 ± 0.6 to 2.9 ± 0.5). 
4.2. PAR maximum threshold levels ofbiochars 
Figure 1 compares the values obtained for the sum ofthe 16 US EPA PAHs (~16 PAHs) on the four biochars with 
the maximum allowed thresholds oftotal PAHs suggested by the IBI and the EBC, respectively. 
Fig.l 
Comparison of mean values of the summed 16 priority pollutant polycyclic aromatic hydrocarbons defined by the 
USEPA (EPA-PAHs) in the biochar samples and the threshold values for biochar material according to the European 
Biochar Certificate (EBC) and International Biochar Initiative (lBI) and for amended soils according to the German 
and Swiss legislations 
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Values oU:16 PAHs of samplcs w-bc, ss-bc, and ps-bc werc 2613::1: 1380, 1774:1: 402, and 959::1: 62 ¡.¡g kg-1, 
respectively. AH ofthcm are considcrably below fue allowod thresholds; thus, thcy can be considcrc:d as prcmium 
quality biochars which can be rc:gularly applied to arable soils according te the Swiss and German lcgislation 
(Buchcli ct al. 2015; Gcrman Lcgislation 1999; Swiss legislation 2012). In contrasto the 1:16 PAH level ofkw-bc 
(15,367::1: 177118 kg-l) cxcecds considerably the maximum. allowed thrcsholds sct for premium. quality biochar. 
ConsequentJ.y. this material should not be used for agricultmal. pwposes or as soil amcliorant. According to 
previous studies, ooly part of P AH load introduced in the soil with biochar will be bioavailablc and pose an 
ecotoxicological risk (Chen and Yuan 2011; Hale ct al. 2012). Howcvcr, further knowlcdge concerning PAR 
dcgra.dation and availability in biochar is nc:ccssary, cspecially at this earIy stage ofproduction and 
commercialization of biochar in which product quality and safety arc csscntial for its rcputation and succcssful 
devclopment. 
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4.3. Determination ofPAHs in incubated soils 
Concentration of the 16 US EPA P AHs and its sum in the incubated soils are shown in Table 2. The latier 
obtained for unamended soil (59 ± 4 Ilg kg-1) was significantly lower than those reported for agricultural soils 
from the Seville area (2:::89.5 Ilg kg-1) by Morillo et al. (2008). This low concentration classifies our soil as non-
contaminated with PAHs (Wilcke 2007). 
As expected, the application of 10,20, and 40 t ha-1 offour different biochars resulted in different concentrations 
ofPAHs (see Table 2). Biochar addition of 10 t ha-1 caused a low or no significant increase ofthe ~16 PAHs for 
w-bc and ps-bc. However, in ss-bc and especially kw-bc-amended soils, the content ofthe ~16 PAHs increased 
drastically. Figure 2 shows a comparison ofthe determined concentrations ofthe ~16 PAHs vs. the theoretically 
predicted values at a logarithmic scale. The expected concentrations ofPAHs in the biochar-amended soils have 
be en calculated by adding the amount of PAHs in the uncontaminated control soil to the amount of PAHs which 
was added with the applied biochar. This figure confirms that the determined concentrations for the soils amended 
with 10 t ha-1 ofw-bc and ps-bc were lower than expected. Figure 3 depicts the comparison between measured 
and expected results for the concentrations ofNAP, ANY, FLT, BkF, and ~16 PAHs for amendments of 10, 20, and 
40 t ha-1 (Fig. 3a-c, respectively). NAP, ANY, FLT, and BkF have been selected for being representative oflight 
and heavy PAHs from the 16 quantified PAHs. A good correlation is shown for soils amended with 10 t ha -1 of ss-
bc and ps-bc (,2 = 0.9912 and 0.9718, respectively;p < 0.005; Fig. 3a). In contrast, the experimental value of 
~16PAHs for kw-bc was one order ofmagnitude higher than predicted (Fig. 2). This lack of correlation ofkw-bc 
was observed for all the PAHs selected for Fig. 3a (,2 = 0.5224). Possibly, this is attributed to the heterogeneity of 
this biochar, which may represent a more critical factor at lower doses. 
Fig.2 
Logarithmic (base 10) transformation ofthe experimental values ofthe ~16PAHs vs. the theoretically predicted values 
ofthe ~16PAHs for each amendment dose and type ofbiochar applied 
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Fig.3 
Corrclation betwcen experimental and prcdicted conccntrations ofNAP, ANY, FLT, Bk:F, and I;16PAHs (mg kg-l) 
for amendmen1:s ofa 10 tba-l, b 20t ha-l, and e 40 tba-1 
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Additioos of 20 t ha -1 biochar incrcased P AH concentrations in aU the cases. Thc values ranged from 107::1: 
14 J.Lg kg-t for w-bc 10 537::1: 325 ¡.ag kg-l fOI kw-bc. Mcasured data ofthe I;16pAHs were grester than the 
prcdictcd valucs (Fig. 2). Figure 3b indica1es a better correlation betwec:n experimental and prcdicted data for the 
samplcs with adose of 20 t ha -1 biochar. From a methodological point of view, fue inercase of the biochar dose 
from lOto 20 t ha -1 secmod to minimizc the cffect ofthc heterogeneity. Experimental valucs of:E16p AH, of ps-bc 
werc significantly higher than predictcd. This fact was main1y duc 10 a higher amoum oflow-weight PAH 
compounds (NAP, PHE, PYR) leading 10 apoor corrclation (,-2 - O.3881;p<O.Ol). 
Biochar additions of 40 t ha-1 caused very diverse effects on the total amount ofPAHs. Ps-bc and ss-bc additions 
to soil increased the ~16 PAHs in line with the biochar loaded. Kw-bc amendment increased the n6 PAHs (not 
significantly) compared to the addition of20 t ha-1 (Table 2). In the case of amendment with 40 t ha-1 ofw-bc, 
~16 PAH (1515 ± 107 mg kg-1) was one order ofmagnitude greater than predicted (Fig. 2). The lack of correlation 
between measured and predicted values in this sample was more drastic for heavy PAHs (Fig. 3c). Similarly to 
kw-bc, the major differences were probably due to a nugget effect and heterogeneity of biochar samples derived 
from wood (with regard to the ~16 PAHs, w-bc showed approx. 50 % relative standard deviation for ~16 PAHs). 
Results obtained for w-bc and, especially, kw-bc point to the necessity of applying not only appropriate 
methodology and protocols over the whole experimental process, including production, homogenization, and 
handling of biochars, but also soil sampling, PAH extraction, and PAH analysis. 
NAP and PHE were the most abundant PAHs in all biochar-amended soils with the exception oftwo cases. High 
levels ofFLT and PYR (343 ± 11 and 282 ± 5 Ilg kg-1, respectively) were measured for the sample soil + w-bc 
40 tha-1; in addition, sample soil + kw-bc 10 tha-1 was dominated by FLT, PHE, and PYR (456±63, 417± 59, 
and 368 ± 561lg kg-1, respectively). As mentioned previously, results ofthese two samples showed a lack of 
correlation when compared with the predicted values. In addition, both samples contained a greater total amount of 
PAHs than the rest ofthe samples from their series. Most tentatively, this is related to their heterogeneity and 
probable low representativeness ofthe biochar sample. 
5. Conclusions 
Our study showed that pyrolysis-gasification reactors, in which syngases and tar oils are removed, are more 
favorable with respect to PAH contents of the final product than the carbonization in traditional kilns. According 
to the known threshold levels for P AHs, our studies indicate that care has to be taken if the studied biochar 
produced by kilns is used as soil amendment. Unique and unambiguous threshold levels ofpersistent pollutants 
(including PAHs) are strictly needed and must be established by consensus. 
Being conscious of the limitations of incubation experiments which make extrapolations to field cha1lenging, 
especially in strongly seasonal climates, the results of this incubation study indicated that initial PAH 
concentrations of biochar may not be transferred to the soil in a linear manner or maintained as such within the soil 
after starting incubation. Accordingly, a uniform behavior ofPAHs in soils amended with different biochars 
cannot be assumed. Although our study could not discern specific mechanism responsible for the lack of 
accordance between the concentrations of PAHs in soils with mass balance calculations, it is clear that a better 
understanding of the soil-plant-biochar interactions is required to obtain reliable predictions of potential 
hazardous impacts of biochar application. In addition, the homogeneity of biochars and the representativeness of 
sampling for biochar-amended soils for future legislation guidelines and experimental settings should be specially 
taken into account to properly assess PAHs in biochar-amended soils, which is mandatory for a quality biochar 
application. Investigation ofPAH levels and its availability on vegetation biomass cultivated on biochar-amended 
soils should be the next crucial objective. 
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